Although common genetic variants of the CRP gene (C-reactive protein, pentraxin related) have been associated with plasma concentrations of high-sensitivity CRP (hsCRP) in several cohorts of European Americans, relatively few studies have comprehensively assessed this association in well-characterized multiethnic populations.
gene coding for CRP with its plasma hsCRP concentrations in a multiethnic-population. Therefore, we conducted a comprehensive assessment of the association of genetic variation in the CRP gene with plasma hsCRP values in a large case-control study nested in the Women's Health Initiative Observational Study, an ethnically diverse cohort of postmenopausal women older than 50 years including white/Caucasian, black/ African, Hispanic, and Asian/Pacific Islander participants. In particular, we examined whether any genetic effects on plasma hsCRP concentrations differ by ethnicity.
Materials and Methods

STUDY PARTICIPANTS
Details regarding our case-control study design have been described elsewhere (3, 21 ) . In brief, of the 93 676 postmenopausal women enrolled in the Women's Health Initiative Observational Study (21 ) , approximately 82 069 women had no history of cardiovascular disease and/or diabetes at baseline. Following the principle of risk-set sampling, we individually matched 1584 diabetes cases with 2198 control individuals by age (Ϯ2.5 years), ethnicity, clinical center, time of blood draw (Ϯ0.10 h), and length of follow-up. The ethnic groups represented in this study include whites (n ϭ 1936), blacks (n ϭ 1098), Hispanics (n ϭ 455), and Asians/Pacific Islanders (n ϭ 293). Other details about the ethnic distribution and demographics have already been described (3 ) . The Institutional Review Board at UCLA previously approved the original study, and all study participants signed informed consent forms before being enrolled in the Women's Health Initiative study.
TAGGING SNP SELECTION
As described previously (22 ) , we implemented a 2-stage approach in choosing haplotype-tagging single-nucleotide polymorphisms (tSNPs). First, we used the National Center for Biotechnology Information database SNP (NCBI dbSNP) supplemented with the HapMap database to survey common genetic variation (23 ) . Our goal was to capture the common haplotype patterns in the genetic region covering the 30 kb 5Ј upstream and the 30 kb 3Ј downstream of the CRP gene (3.1 kb). The initial set of SNPs were selected according to the following criteria: (a) The functionality priority of nonsynonymous coding SNPs (cSNPs) and splicingsite SNPs (ssSNPs) must be kept, with the priority order of picking SNPs being based on their potential functions [i.e., nonsynonymous SNPs Ͼ ssSNPs Ͼ synonymous SNPs Ͼ 5Ј untranslated-region (UTR) SNPs Ͼ 3Ј UTR SNPs Ͼ intronic SNPs]; (b) the frequency of minor alleles must be Ն5% in at least one ethnic group; and (c) the spacing of SNPs (SNP density) should be relatively even across the gene region (24 ) .
In the second stage, we identified tSNPs from linkage disequilibrium (LD) patterns of the selected SNPs among 61 individuals from each ethnic population. We used the square of the correlation statistic (r 2 ) to assess pairwise LD between SNPs and used the Haploview program to calculate the LD coefficient and define haplotype blocks (25, 26 ) . From the initial set of SNPs, we selected 13 tSNPs that account for most of the genetic variation within the CRP locus across the 4 ethnic groups and genotyped these SNPs in all the case-control samples.
SNP-GENOTYPING METHOD
For these 13 tSNPs, we used the "TaqMan allelic discrimination method" for large-scale genotyping and used specific custom-designed primers and probes (Applied Biosystems). Following PCR amplification, we measured the endpoint fluorescence with the ABI Prism 7900HT instrument and scored genotypes with SDS 2.2.2 allelic-differentiation software (Applied Biosystems). To evaluate reproducibility, we performed blind duplicate genotyping with a randomly selected subset of 5% of the samples; the concordance rate was Ͼ99%.
MEASUREMENT OF hsCRP CONCENTRATIONS
All incident cases and control individuals were free of clinical diabetes at baseline; we therefore concluded that baseline hsCRP concentrations were not influenced by clinical diabetes status. We collected fasting blood samples from each participant according to a standardized protocol and processed the samples locally into separate aliquots of serum, plasma, and buffy coat. Detailed procedures for sample preparation and handling are described elsewhere (3 ). We measured hsCRP with an immunoturbidimetric assay on the Hitachi 911 analyzer (Roche Diagnostics) with reagents and calibrators from Denka Seiken. The hsCRP CV was 1.61% (3 ).
STATISTICAL ANALYSIS
We used the Proc Allele procedure in SAS (v9.1.3; SAS Institute) to assess each SNP for allele frequency and conformance to the Hardy-Weinberg equilibrium and tested for heterogeneity in genotype distributions across ethnic groups with the 2 test. We logtransformed hsCRP concentrations with markedly skewed distributions to enhance data compliance with the normality assumption and then calculated differences in geometric means. To evaluate the effect of genetic variants on plasma hsCRP concentrations, we calculated differences in the geometric means of plasma hsCRP concentrations according to each genotyped tSNP by fitting general linear models that treated plasma hsCRP concentration as a dependent variable and tSNPs as independent variables. An additive inheritance model was used in single-gene analysis, and the results of this analysis were expressed as the increase in the hsCRP geometric mean per each additional copy of the minor allele. All of the linear models included matching factors and potential confounders (case/control status, alcohol consumption, cigarette smoking, body mass index, hormone-replacement therapy used, and physical activity) as covariates in each of the 4 ethnic groups. Likelihood ratio tests were used to test for effects of genotype-ethnicity interaction on diabetes risk.
The Haploview program was used to characterize the LD patterns between tSNPs (25, 26 ) . In haplotypebased analysis, we estimated haplotype frequency with an "expectation-substitution" algorithm (27 ) , which treated expected haplotype scores (calculated under a user-specified inheritance model) as observed covariates in the analysis, and stored these expected scores in an auxiliary data set for customized analyses. Only haplotypes with estimated frequencies Ն1% in the combined control population were included for further analyses. To examine the association between the resulting haplotype/haplotype combinations and hsCRP concentrations, we treated the estimate of haplotype dosage as a surrogate variable for the true haplotype. In addition, to account for potential false positives due to multiple comparisons, we calculated the falsediscovery rate by incorporating all P values from multiple tests for SNPs and haplotypes into the general linear model analysis (28 ) . The Proc Multtest procedure in SAS version 9.1.3 was used to obtain the adjusted P values. Table 1 summarizes the genetic variation within the CRP locus in each of the 4 ethnic groups, as defined by the 13 tSNPs. The allele frequencies for all tSNPs varied significantly by ethnicity (all P Ͻ 0.0001). Fig. 1 schematically presents the locations of these 13 tSNPs, based on the CRP gene structure in NCBI Entrez Gene (NT_004487.18). The contig positions for each SNP are based on NCBI build 36 and dbSNP b129. None of the SNPs, except for rs3093068 in whites, showed any statistically significant deviation from Hardy-Weinberg expectations among the controls in each ethnic group (data not shown).
Results
LD PATTERNS IN THE CRP GENE DEFINED BY tSNPs
SINGLE-MARKER ASSOCIATION ANALYSIS
Of the 13 tSNPs genotyped, 11 tSNPs were significantly associated with plasma hsCRP concentrations after adjustment for matching factors and other potential confounders (see Table 1 in the Data Supplement that accompanies the online version of this article at http:// www.clinchem.org/content/vol55/issue2). Fig. 1 in the online Data Supplement shows the different patterns in mean differences in hsCRP concentrations (without logarithmic transformation) and their 95% CIs for each SNP, as estimated with an additive genetic model. In an additive model, geometric-mean differences in plasma hsCRP concentrations were associated with an increasing number of minor alleles compared with homozygous major alleles (i.e., genotypes were coded as follows: 0, homozygous major alleles; 1, heterozygotes; and 2, homozygous minor alleles). For 6 of the tSNPs, carriers of each additional copy of the minor allele were associated with decreased hsCRP concentrations (decrease in geometric mean per allele, 1.07 mg/L-1.46 mg/L; all P Ͻ 0.05). In contrast, the minor alleles of 5 tSNPs (rs3093059, rs1417938, rs1130864, rs3093075, and rs3093068) were associated with increased hsCRP concentrations (increase in geometric mean per allele, 1.17-1.27 mg/L; all P Ͻ 0.05). The tSNPs that were associated with plasma hsCRP concentrations also varied by ethnicity (see Table 2 in the online Data Supplement). Fig. 2 shows the different patterns in mean differences (without logarithmic transformations) and 95% CIs of hsCRP values for each SNP by ethnicity, as estimated by an additive genetic model. Nine of 13 tSNPs were significantly associated with plasma hsCRP concentrations in whites and Asians/Pacific Islanders, and 8 of these 9 tSNPs were common to both ethnic groups. The one significantly different tSNP (rs1417938 in whites, rs4275453 in Asians/Pacific Islanders) was associated with increased hsCRP concentrations. The association of these tSNPs with higher hsCRP concentrations in whites and Asians/Pacific Islanders was significantly different from that in blacks and Hispanics, in which no association with hsCRP concentrations was observed (see Table 2 in the online Data Supplement). In contrast, only 4 of the 13 tSNPs in blacks and Hispanics were significantly associated with plasma hsCRP concentrations. There was no overlap between blacks and Hispanics in the 4 significant tSNPs.
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HAPLOTYPE ASSOCIATION ANALYSIS
The lengths and locations of specific haplotype blocks are presented by ethnicity in Fig. 3 . Haplotype frequencies and the specific haplotype blocks varied with ethnicity (Fig. 3, Table 2 ). Whites had 3 haplotypes in block 1 and 5 haplotypes in block 2. The 0 -0 carriers in block 1 and the 0 -1-1-0 -0 -0 -0 -0 -1-0 carriers in block 2 (where 0 codes for the major allele and 1 codes for a minor allele) exhibited the highest hsCRP values (geometric-mean differences in hsCRP concentration of 1.27 mg/L and 1.21 mg/L, respectively) compared with noncarriers. We identified only 3 haplotypic blocks of this CRP gene in other ethnicities, with each containing 2-5 haplotypes within each block. Blacks and Hispanics had haplotype blocks with similar boundaries, whereas block 2 in Asians/Pacific Islanders was significantly different from the other ethnic groups. In block 2 for blacks and Hispanics, haplotype 0 -0 -0 -0 -0 -0 -0 carriers had hsCRP concentrations that were increased by 1.23 mg/L and 1.58 mg/L, respectively, compared with noncarriers.
In addition to examining the haplotype blocks identified in our study population, we also replicated the results for haplotypes found in other studies [i.e., rs1130864 -rs1205-rs3093068 by Dehghan et al. (16 ) and rs1180947-rs1130864 -rs1205 by Timpson et al. (17 ) ; see Table 3 and online Data Supplement Table 3 ].
Among the rs1130864 -rs1205-rs3093068 haplotypes, 0 -0 -1 carriers appeared to have increased plasma hsCRP concentrations compared with noncarriers, and this relationship was consistently observed in all 4 ethnic groups (i.e., whites, blacks, Hispanics, Asians/ Pacific Islanders; geometric-mean difference, 1.24, 1.36, 1.31, and 1.60 mg/L, respectively).
Discussion
In this large multiethnic cohort of postmenopausal women, common genetic variants of the CRP gene were highly associated with plasma hsCRP concentrations. In particular, these genotype-phenotype relationships appeared to vary significantly across ethnic groups.
Several tSNPs (rs1130864, rs1205, rs3093068, rs1800947, rs2794521) identified in our study have been reported previously in both white and African American men and women (15) (16) (17) (18) (19) (20) . Although the specific effects of these variants on plasma hsCRP concentration remain to be determined, the results of a previous family study suggested that 30%-40% of the variation in plasma hsCRP concentration is due to genes (29 ) . In our multiethnic cohort, common genetic variants in the CRP gene accounted for 4% of the total variation in plasma hsCRP concentration in whites, 5% of the variation in blacks, and 10% of the variation in Hispanics and Asians/Pacific Islanders.
Consistent with prior studies of whites (19 ) , carriers of minor alleles of rs3093068, rs1130864, and rs1417938 had significantly higher hsCRP concentrations than noncarriers, whereas those of rs1205 and rs1800947 were associated with lower plasma hsCRP concentrations. The tSNPs rs1130864 and rs1205 appeared to have even greater effects on plasma hsCRP concentrations in Asians/Pacific Islanders (hsCRP concentrations increase by 1.62 mg/L with rs1130864 and decrease by 1.57 mg/L with rs1205). Similar ethnic differences were found for rs3093075 and rs3093059, in which a greater magnitude of associations appeared evident in Asians and Hispanics than in whites (i.e., geometric-mean hsCRP values increase by 1.5-1.7 mg/L vs 1.2 mg/L). In contrast, rs1800947 was significantly associated with lower hsCRP concentrations in whites but not in Hispanics, a finding that has been reported previously (20 ) . The tSNP rs2794521 has been associated with plasma hsCRP concentration in other studies but is reportedly associated with type 2 diabetes mellitus in Pima Indians (30 ) and with coronary artery disease in ethnic Han Chinese (31 ) . In the current study, both rs2794521 and rs2808634 were significantly associated with lower hsCRP concentrations in Hispanics but not in whites. The direction and magnitude of the associations for rs1205, rs3093075, rs2808629, and rs1470515 were similar in blacks and whites. Several reasons for the ethnic differences in the gene-phenotype relationships have been noted previously. The apparently distinct LD patterns of the CRP gene according to ethnicity were a novel observation and a unique strength of our multiethnic study, because previous studies have mainly examined tSNPs or haplotypes in European Americans. In prior reports (15, 32 ) , rs3091244 was found to be a functional triallelic SNP in the CRP promoter region and to be in high LD with other SNPs (i.e., rs113084, rs1417938, and rs2795421), possibly explaining the significant associations found in these studies. There may be further population stratification (33) (34) (35) within each ethnic subgroup. If such stratification is present, the significant ethnic differences found in our study would be biased only toward the null.
The comprehensive screening of SNPs conducted in the current study allowed us to define haplotype structures for each ethnic group beyond those reported in previous studies (16, 17 ) . The haplotype frequencies for whites were similar to those reported for European Americans (16, 17 ) . For example, Timpson et al. (17 ) showed that carriers of C-A-C in rs1800947, rs1130864, and rs1205 (i.e., 0 -1-0 in Table 3 and online Data Supplement Table 3 ) have the highest plasma hsCRP values, whereas G-G-T carriers have the lowest hsCRP concentrations. In our study, plasma hsCRP concentrations were 1.21 mg/L (SE, 1.04 mg/L) higher in haplotype 0 -1-0 carriers and 1.49 mg/L (SE, 1.07) lower in 1-0 -1 carriers, compared with noncarriers. Similar trends were found in black and Asian carriers (i.e., carriers of haplotype 0 -1-0 had higher hsCRP values than noncarriers). In contrast, carriers of the same haplotypes had lower hsCRP concentrations than a Haplotypes observed with a frequency of Ն0.01 in at least one ethnic group in the multiethnic panel (0 ϭ major allele; 1 ϭ minor allele). b The geometric-mean difference (SE) was calculated for each genotype with general linear regression models with adjustment for matching factors (age, ethnicity, clinical center, and time of blood draw), type 2 diabetes mellitus, and other confounders, including body mass index, hormone-replacement therapy, alcohol consumption, cigarette smoking, and physical activity. c P values in parentheses are P values after adjusting for the false-discovery rate (FDR), for P Ͻ0.05. Values for P Ͻ0.05 are bolded.
noncarriers among Hispanics (P Ͼ 0.05). Dehghan et al. (16 ) reported that the highest contrast in plasma hsCRP values was found by comparing carriers of the C-C-G haplotype (defined by 3 SNPs-rs1130754, rs1205, and rs3093068 -the same as 0 -0 -1 in Table 3 and online Data Supplement Table 3 ) with carriers of the most common haplotype, C-T-C (i.e., 0 -1-0; Table 3 in the online Data Supplement).
More importantly, minor-allele frequencies, haplotype structure, and LD patterns varied by ethnic group. For example, we observed haplotype frequencies in whites and magnitudes of effects on plasma hsCRP concentrations associated with the haplotypes that were similar to those of Dehghan et al. (16 ) (i.e., hsCRP concentrations increased by 1.24 mg/L in carriers of the 0 -0 -1 haplotype, and hsCRP concentrations decreased by 1.29 mg/L in carriers of the 0 -1-0 haplotype). We found no significant associations between hsCRP concentration and these haplotypes in the other ethnic groups. In general, our haplotype-based analysis was consistent with the single SNP-plasma hsCRP associations in terms of direction and magnitude. We also observed that the direction of the effect remained the same but that the magnitude of the effect varied with ethnicity.
In conclusion, common genetic variants in the CRP gene were substantially and independently associated with plasma hsCRP concentrations in this large multiethnic case-control study of postmenopausal women. These associations may differ with ethnicity. Further studies will be warranted to confirm the ethnic differences in CRP gene variants and the potential direct role of these genetic variants on the risk for type 2 diabetes mellitus.
